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ABSTRACT The vertical movement, persistence, and activity of four isolates of entomo-
pathogenic nematodes, Heterorhabditis bacteriophora Poinar (Oswego), Heterorhabditis bac-
teriopllOra Poinar (NC), Steinemema carpocapsae (Weiser) (NYOOl),and an undescribed Stei-
nemema species (NY008-2E), were evaluated for 24 mo at field locations in northern New
York. Nematodes were released into three alfalfa fields naturally infested with alfalfa snout
beetle, Otiorhynchus ligllstici (L.). Each field differed in soil type and soil textural composi-
tion: silt loam, sandy loam, and loamy sand. Nematodes were recovered from soil using trap
insects, Galleria mellonella larvae, and their vertical distribution was monitored at 5-cm in-
tervals to depths of 20 cm for Steinemenw species and 35 cm for Heterorhabditis species.
All nematodes persisted (no significant reduction in percentage of infection of G. mellonella)
for 6 mo after the initial application in all soil types. However, by the end of the second
growing season (17 mo after application), all nematodes showed significant reductions in in-
fection rates of G. mellonella except H. bae-teriophora (Oswego) which showed high levels of
infection for 24 mo. Nematode vertical movement was affected by soil type and varied by
isolate. S. carpocapsae (NYOOl)and Steinemenw sp. (NY008-2E) remained primarily in soil
depths <15 em, whereas both heterorhabditids dispersed to soil depths of 35 cm. Vertical
movement of H. bacteriopllOra (Oswego) was greatest in loamy sand and vertical movement
of Steinemema sp. (NY008-2E) was greatest in sandy loam. Percentage of infection of G.
mellon ella by H. bacteriophora (Oswego) and S. carpocapsae (NYOOl)was significantly cor-
related with rising soil temperatures in early spring. H. bacteriophora (Oswego) and S. car-
pocapsae (NYOOl)infected G. mellonella huvae in the field at soil temperatures between 15
and lS"C. Steinemenw sp. (NYOOS-2E)infected G. mellonella larvae in the field at soil tem-
peratures between 13 and IS°C.
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THE ALFALFASNOUTBEETLE,Otiorhynchus ligus-
tici (L.), was first recorded in New York state in
1896 near Oswego, NY (Palm 1935, York et a1.
1971), and presently infests =200,000 ha in eight
counties of northern New York state and southeast
Ontario, Canada (York 1974, Bechinski & Hescock
1990). Alfalfa snout beetle larvae feed on and often
sever the tap root of alfalfa plants, resulting in yield
reduction and ultimately stand loss (Lincoln &
Palm 1941, Mellors 1977, Leonard 1988). Current
control strategies, crop rotation and insecticides,
against the alfalfa snout beetle have not been ef-
fective (Willson et al. 1976, Leonard 1988).
The use of entomopathogenic nematodes
against soil-inhabiting pests has been documented
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(Gaugler 1981, Kaya 1985, Klein 1988, Capinera
& Epsky 1992). The biology of the alfalfa snout
beetle and the ecology of the alfalfa ecosystem
make the use of entomopathogenic nematodes a
potentially viable control tactic. The soil, where the
alfalfa snout beetle spends the majority of its 2-yr
life cycle (Lincoln & Palm 1941, Mellors 1977), is
the natural reservoir of entomopathogenic nema-
todes (Gaugler 1981, Klein 1990). High-host den-
sity leads to increased contact between nematodes
and uninfected hosts (Fuxa 1987) and population
densities of 5 million alfalfa snout beetles per hect-
are (2 million per acre) are common for this par-
thenogenetic pest (unpublished data). Alfalfa fields
harbor a diversity of soil insects that could poten-
tially serve as additional hosts for entomopatho-
genic nematodes (Kaya 1990a). Alfalfa ground cov-
er limits moisture and temperature fluctuations in
the soil that may affect nematode survival (Moly-
neux 1985, Kaya 1990a, Kung et al. 1991).
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Fig. 1. New Yorkstate map showingcurrent range of
alfalfa snout beetle infestation (dark area) and tile three
field site locations used to study nematode vertical dis-
tribution and persistence. Sites are represented by num-
ber: site 1 (silt loam), site 2 (sandy loam), site 3 (loamy
sand).
Weevils (Coleoptera: Curculionidae) in general
are highly susceptible to entomopathogenic nem-
atodes (Klein 19!W). The successful control of the
black vine weevil, Otiorhljnchus sulcatus (F.), a
close relative of the alfalfa snout beetle, with Het-
erorhabditis nematodes has been demonstrated in
the greenhouse (Bedding & Miller 1981, Simons
1981, Ceorgis & Foinar 1984, Stimman et a!. 1985)
and in the field (Shanks & Agudelo-Silva 1990).
Recent laboratory bioassays have documented the
pathogenicity of steinernematid and heterorhab-
ditid nematodes to alfalfa snout beetle larvae. Pot-
ted alfalfa plants infested with alfalfa snout beetle
larvae and treated with infective juveniles of Het-
erorhabditis bacteriophora showed significantly
less root damage by alfalfa snout beetle larvae than
plants not treated with nematodes (Schroeder et
al. 1994).
Despite many successes, field trials using ento-
mopathogenic nematodes against soil-inhabiting
pests have not produced consistent control (Kaya
1990a). Most researchers recognize the need bet-
ter to understand nematode ecology before at-
tempting long-term suppression of a pest in the
field (Fuxa 1987, Kaya 1990a). Therefore, we eval-
uated the vertical distribution, persistence, and ac-
tivity of several entomopathogenic nematode iso-
lates in alfalfa fields containing different soil types
in northern New York state.
Mattlrials and Methods
Study Site. Three study sites were established
in commercial alfalfa fields within the alfalfa snout
beetle infested area of northern New York (Fig. 1).
All study sites were naturally infested with alfalfa
snout beetle and were selected based on soil type.
Site 1 consisted of a 4-yr-old alfalfa stand on silt
loam located near Mexico in Oswego County, site
2 consisted of a :3-yr-old alfalfa stand on sandy
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Fig. 2. Soil moisture retention curves for silt loam
(circle), sandy loam (square), and loamy sand (triangle)
soils collected at site 1, site 2, and site 3, respectively.
loam located near Carthage in Jefferson County,
and site 3 consisted of a 3-yr-old alfalfa stand on
loamy sand located near Croghan in Lewis County.
Soil from each site was sampled before nematode
release and analyzed for textural composition, pH,
and moisture retention characteristics by the Soil
Testing and Nutrient Analysis Laboratory at Cor-
nell University, Ithaca, NY. Textural classifications
were 27.7% sand, 60.8% silt, 11.5% clay (silt loam),
and pH 6.4 at site 1; .59.9% sand, :33.8% silt, 6.3%
clay (sandy loam), and pH 5.8 at site 2; and 78.1%
sand, 19.0% silt, 2.9% clay (loamy sand), and pH
6.5 at site 3. The moisture-retention curves for the
soils collected at each site revealed differences in
the water-holding capacity of each soil (Fig. 2).
Also, 10 soil samples were taken with a hand trowel
from random locations in each site to a depth of 5
cm to determine the presence of naturally occur-
ring nematodes. These soil samples were placed in
plastic containers with 10 mature wax moth larvae,
Galleria mellonella (L.) (Ja-Da Bait, Antigo, WI),
as trap insects (Bedding & Akhurst 1975). G. mel-
lonella were stored at 23°C and observed for nem-
atode infection after 4 d. Based on these soil sam-
ples, no natural populations of entomopathogenic
nematodes were detected in the field sites.
Nematode Culture and Application. Four iso-
lates of entomopathogenic nematodes were used
in our field studies. Three nematodes, H. bacteri-
ophora Poinar (Oswego), Steinemema carpocapsae
(Weiser) (NY001), and an undescribed Steineme-
rna sp. (NY008-2E) were isolated in the fall of
1990 from soil in Oswego County, New York, using
G. mellonella as trap insects (Bedding & Akhurst
1975, Woodring & Kaya 1988). The fourth nema-
tode, Heterorhabditis bacteriophora (Poinar)
(NC), was obtained in January 1991 from Hydro-
garden (Colorado Springs, CO) as infective juve-
niles in moist polyethylene foam. All nematodes
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Table 1. Nematode applieation dates and application
rates in 1991
were regularly cultured in vivo at 23°C in G. mel-
lonella larvae. In May 1991, infective juveniles of
each nematode species were collected in modified
White traps (White 1927,Woodring & Kaya 1988)
during a 72-h period as they emerged from G. mel-
lonella cadavers. Nematodes were examined under
a dissecting scope to determine the percentage of
nematodes alive, and nematode density was deter-
mined by serial dilution. Infective juveniles of each
nematode species were placed by pipette into ster-
ile 75-ml culture Raskscontaining 100 ml distilled
water and held at 23°C for 12-24 h before being
applied to field plots.
At each field site, the infective juveniles of each
nematode species were suspended in 8 liters of
water and applied to 1.5-m2 plots using a watering
can. Plots were replicated four times and arranged
in a 4 X 4 Latin-square design at each site. Plots
were separated from adjacent plots by 2.4 m of
untreated area. Nematodes were applied between
14 and 27 May 1991 at rates ranging from 2 to 16
billion infective juveniles per hectare (Table 1).
The application rates of the four nematode isolates
reflect differences in infective juvenile production
at 23°G A portable data recording device (Easy
Logger EL-824 equipped with TP-lO or ES-060
thermistor temperature probes, Omnidata, Logan,
UT) monitored average hourly soil temperatures 5
cm below the soil surface at each field site. The
surface soil temperatures at the three field sites
ranged between 15.5 and 23°C when nematodes
were applied.
Nematode Vertical Distribution and Persis-
tence. Soil sampleswere taken monthly after nem-
atode application to assess the vertical movement
of nematodes at the three field sites and to assess
the persistence of infective nematodes from June
to November 1991. Additional soil samples were
taken 17 and 24 mo after nematode application to
determine long-term persistence of the nema-
todes. Samples consisted of four 1.9-cm-diameter
cores of soil taken from each plot at each location.
Soil cores were taken to a maximum depth of 20
cm in the plots receiving steinernematid nema-
todes and to a maximum depth of 35 cm in plots
receiving heterorhabditid nematodes. At each site,
cores were separated into 5-cm-long sections (0-
5, 5-10, 10-15, 15-20, 20-25, 25-30, and 30-35
cm), and the sections from the same depth from
Entomopatho~enic nematude
species (strain)
1/. blll.teri0llhorn (O.wego)
1/. bacteriOJlhom (NC)
S. caryJOcapsae(NYOOI)
Steinemema 51'. (NYOO8-2E)
a Infective juveniles per hectare.
Applica-
tion date
(Julian
date)
134
141
143
147
Application rate"
16.8 X 109
5.4 X 109
3.0 X 109
2.0 X 109
plots treated with the same nematode were com-
bined, thoroughly mixed, and reapportioned into
15 individual 30-ml plastic cups in the laboratory.
A single G. mellonella larva was placed on the sur-
face of the soil in each 30-ml cup. The cups were
capped, turned upside down on trays, and stored
inside plastic bags in a dark environmental cham-
ber at 23°C. After 4 d, dead G. mellonella wcre
examined for nematode infection by observing the
condition and color of the cadaver (Poinar 1984).
When infection could not be confirmed by visual
inspection, G. mellonella cadavers were dissected
and examined for nematodes under a light micro-
scope or set up on individualWhite traps and ex-
amined for emerging infective stage (dauer) nem-
atodes 4-7 d later.
Differences in the percentage of infected G.
mellonella infected with nematodes across soil
depths between nematode isolates and soil types
were analyzed using analysisof variance (ANOVA)
of polynomial contrasts (Rowell & Walters 1976).
If the effects of nematode isolateswere significant
(P < 0.05), orthogonal contrasts were constmcted
to test for differences between the vertical infec-
tion rates of the two heterorhabditid strains, the
two steinernematid species, and the two nematode
families (heterorhabditid and steinemematid).
Differences in the percentage of nematode in-
fected G. mellonella between nematode isolates
and soil depth across sample dates were analyzed
as a repeated measures ANOVA(SYSTAT1992).
Separate analyses were conducted to test for dif-
ferences in the percentage of nematode-infected
G. mellonella between all samples taken in 1991
and between samples taken at 2, 6, 17, and 24 mo
after nematode release.
Nematode Activity. Beginning in April 1992
and once a month thereafter, two caged G. mel-
lonella were placed in each plot originally treated
with nematodes in May 1991 to determine when
nematodes first began to infect a host at 5 cm.
Each G. mellonella cage was filled with soil from
the field plot being sampled and a single G. mel-
lonella larva was placed inside the cage (Fig. 3).
Cages were buried to a depth of 5 cm within the
plots. Mter 5-7 d, the G. mellonella were checked
for nematode infection. Average hourly soil tem-
peratures 5 cm below the soil surface were record-
ed for the sample period (i.e., the number of days
the G. mellonella traps were buried in the soil) at
each field site using a portable data recording dc-
vice. The percentage of G. mellonella in traps in-
fected by each nematode species was regressed
(SuperANOVA,AbacusConcepts 1990)against the
average daily soil temperatures for each sample pe-
riod, to determine if nematode activity in the field
correlated with field soil temperature.
Results
Nematode Vertical Distribution. All nematode
isolateswere recovered at all depths to 20 cm. The
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Fig. 3. Schematicdiagramof G. meUonella cageused
to monitornematodeactivityin the field.Each cagecon-
sistedof a polyvinylchloridepipe (3-cmdiameter,2.5em
long)coveredat both endswith nylonscreen (meshsize,
2 mm). Screen was secured to the cage with a 4-cm-
diameter ling of polyvinylchloridepipe.
heterorhabditid plots were sampled to a depth of
35 cm and both isolates were recovered at the
maximum sample depth (Fig. 4 A-D), although H.
bacteriophora (Oswego) was recovered at these
depths only in loamy sand (data not shown). In
general, percentage of infection of G. mellonella
by nematodes decreased with soil depth for all
nematode isolates. Vertical infection rates of G.
mellonella for soil depths to 20 cm significantly dif-
fered between nematode isolates (F '" 50.225; df
'" 3, 59; P < 0.0001). These vertical infection rates
were best described by quadratic polynomials (F
'" 23.237; df '" 3, 59; P < 0.0001), suggesting tllat
nematode infection changed in a curvilinear fash-
ion across depths of soil. Based on the orthogonal
comparisons, vertical infection rates of G. mello-
nella for soil depths to 35 cm were not significantly
different (F = 1.405; df = 1, 59; P = 0.241) be-
tween tlle two heterorhabditids, H. bacteriophora
(Oswego) and H. hacteriophora (NC). However,
vertical infection rates of G. mellonella for soil
depths to 20 cm djffered between the heterorhab-
ditids and steinernematids (F = 49.581; df = 1,
59; P < 0.0001) and between Steinernema sp.
(NY008-2E) and S. carpocapsae (NYOOl) (F =
20.142; df = 1, 59; P < 0.0001). Infection of G.
mellonella by S. carpocapsae (NYOOl) occurred
primarily in the first 5 cm of soil and decreased
rapidly at deeper soil layers (Fig. 40), whereas in-
fections by H. bacteriophora (Oswego), H. bacteri-
ophora (NC), and Steinernema sp. (NY008-2E)
peaked at soil depths between 5 and 20 cm (Fig.
4 A-C, respectively), suggesting greater vertical
movement by these nematodes compared with S.
carpocapsae (NYOOl)(Fig. 4D) .
Vertical infection rates of G. mellonella signifi-
cantly differed overall between soil types (F =
3.838; df = 2, 59; P = 0.027). These differences
were most apparent between the vertical infection
rates of G. mellonella by H. bacteriophora (Oswe-
go) (F = 3.881; df '" 1, 15; P = 0.044) and Stei-
nernerruz sp. (NY008-2E) (F = 5.612; df = 1, 15;
P = 0.015). Percentage of infection of G. mello-
nella by H. bacteriophora (Oswego) was greater in
loamy sand than silt loam and sandy loam at depths
>25 cm and greater in sandy loam than silt loam
at soil depths between 15 and 25 cm, suggesting a
greater vertical movement of H. bacteriophora
(Oswego) in the sandier soils (Fig. 4A). Percentage
of infection of G. mellonella by Steinernema sp.
(NY008-2E) was greater in sandy loam than loamy
sand at depths between 5 and 15 em (Fig. 4C). No
differences in vertical infection rates between soil
types were detected for H. bacteriophora (NC)
(Fig. 4B) and S. carpocapsae (NY001) (Fig. 40).
Nematode Persistence. All nematodes persist-
ed, albeit some at apparently low numbers and at
shallow depths, 24 mo after releas(~(Fig. 5 A-D).
In general, the percentage of infection of G. meZ-
Zonella by each nematode isolate did not signifi-
cantly change throughout the 6 mo (May through
November) following the initial nematode release
(F = 1.586; df = 5, 160; P = 0.167). Seventeen
and 24 mo after nematode release, percentage of
infection of G. rnellonella by nematodes was too
low «20%) to determine adequately vertical in-
fection rates for any nematode except H. bacteri-
ophora (Oswego) (Fig. 5A). Twenty-four mo after
release, H. bacteriophora (Oswego) was recovered
at all soil depths to 35 cm and infected G. mello-
nella at mean rates (across all soil types) of >30%
at soil depths between 5 and 20 cm (Fig. 5A). H.
bacteriophora (NC) was not recovered from soil
samples from any soil type taken deeper than 10
em at 17 mo or later after nematode release (Fig.
5B). Both steinernematid nematodes were recov-
ered 24 mo after the initial release but infected
>20% of G. mellonella (Fig. 5 C-D). Steinernema
sp. (NY008-2E) was recovered from soil depths be-
tween 5 and 20 cm (Fig. 5C) and S. carpocapsae
(NY001) was recovered only between 0 and 5 cm
(Fig. 5D) 24 mo after the initial release.
Nematode Activity. Percentage of infection of
G. mellonella by H. bacteriophora (Oswego) and S.
carpocapsae (NY001) significantly correlated with
mean soil temperatures during the sample period
H. bacteriophora (Oswego): F = 20.158; df = 2,6;
P = 0.0022, S. carpocapsae (NY001): F = 16.598;
df = 2, 6; P = 0.0036). Both nematodes showed
increasing activity as mean soil temperatures ex-
ceeded 15°C (Fig. 6). Infection rates for H. bac-
teriophora (NC) and Steinemema sp. (NY008-2E)
were too low under field conditions to determine
temperature relationships for these nematodes.
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Fi~. 4. Mean percentage of infection of G. mellonella at 5·cm soil depth intervals for (A) H. bacteriophora
(Oswego), (B) H. bacteriophora (NC), (C) Steinemema sp. (NY008-2E), and (D) Steinemema carpocapsae (NY001)
in each field soil type: silt loam (dark column), sandy loam (hatched column), and loamy sand (light column) during
the 1991 field season.
However, Steinemema sp. (NY008-2E) infected G.
mellon ella at mean soil temperatures as low as
13°C. No G. mellonella in the field were infected
by cmy nematode isolate when mean soil temper-
atures were <13°C.
Discussion
Nematode Vertical Distribution. Results from
our field stndies demonstrated that nematode ver-
tical movement in soil differed between nematode
species. In general, our field study corroborated
laboratory studies by Moyle & Kaya (1981) and
Georgis & Poinar (1983a) that showed S. carpo-
capsae remained near their release point at the soil
surface. The tendency for S. carpocapsae (NYOOl)
to remain near the soil surface may reflect the
host-searching strategy of this nematode species
(Gaugler et al. 1989, Barbercheck & Kaya 1991,
Kaya et al. 1993, Kaya & Gaugler 1993). Both het-
erorhabditids used in our study, H. bacteriophora
(Oswego) and H. bacteriophora (NC), infected a
higher proportion of G. mellonella at soil depths
between 15 and 20 cm in sandy loam and loamy
sand than either steinernematid species, indicating
greater vertical distribution by the heterorhabdi-
tids (Georgis & Poinar 1983b, Barbercheck & Kaya
1991). However, differences in vertical distribution
were also detected between the two strains of H.
bacteriophora in sandy loam and loamy sand. H.
bacteriophora (Oswego) infected >50% of G. mel-
lonella to depths of 25 em, whereas H. bacterio-
phora (NC) infected >50% of G. mellonella only
to depths of 10 cm. Under laboratory conditions
using sandy loam soil, Georgis & Poinar (1983b)
found significant differences between the patterns
of migration by strains of heterorhabditids and
Schroeder & Beavers (1987) documented differ-
ences between the vertical movement of H. he-
liothidis (none found below 15 cm from the soil
surface) and H. bacteriophora in soil columns con-
taining sandy soil. These differences may reflect
strain-specific dispersal behavior or host-searching
strategies (Gaugler et al. 1991, Kaya & Gaugler
1993). The differences between the vertical distri-
bution of the heterorhabditids used in our study
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Fig. 5. Mean percentage of infection of G. mellonella at 5-cm soil depth intervals for (A) H. bae-terio'phora
(Oswego), (B) H. bae-teriophora (NC), (C) Steinemema sp. (NY008-2E), and (D) Steinemema carpocapsae (NY001)
at 2 mo (dark column), 6 mo (dark hatched column), 17 mo (light hatched column), and 24 mo (light column) after
nematode application.
may also reflect the different application rates of
these nematodes to the field plots. Three times
more infective juveniles of H. bacteriophora (Os-
wego) were applied to field plots than H. bacteri-
ophora (NC).
Physical characteristics of each soil type, specif-
ically pore diameter, may have influenced how far
the motile infective juveniles were able to move in
the soil profile (Molyneux & Bedding 1984, Kaya
1990a). H. bacte:riophora (Oswego) showed the
furthest vertical movement in loamy sand. Loamy
sand has the highest sand component (78.1%) and
the lowest clay component (2.9%) of the three soil
types studied and, consequently, the largest pore
diameter (Kaya 1990a). H. bae-teriophora (Oswego)
infected the greatest percentage of G. mellonella
between 5 and 2S cm in sandy loam and loamy
sand. But in silt loam, G. mellonella infections de-
creased rapidly at soil depths> 10 cm. These re-
sults agree with laboratory shldies by Barbercheck
& Kaya (1991) and Choo & Kaya (1991) who re-
ported similar effects of soil texture on host finding
by H. bacteriophora.
The vertical movement of St"einernema sp.
(NY008-2E) was most restricted in silt loam and
probably reflects the higher clay content of this soil
and its corresponding smaller diameter pores. Stei-
nemema sp. (NY008-2E) was the largest of the
four nematodes tested in our shldy and would,
therefore, be more constrained by soil pore di-
ameter (Molyneux & Bedding 1984). Laboratory
studies by Georgis & Poinar (1983a,c) have docu-
mented a decrease in the percentage of infective
juveniles of Neoaplectana carpocapsae (= Steiner-
nema carpocapsae) and N. glw;eri (=Steinemema
glaseri) that are able to migrate as the clay and silt
component of soil increased. In our study, S. car-
pocapsae resided primarily at soil depths between
o and 10 cm in all soil types. These results suggest
that the vertical distribution of S. carpocapsae was
less affected by soil type as a result of the nema-
todes characteristic sit and wait search strategy
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been documented. Other field studies in which the
persistence of heterorhabditids in soil were inves-
tigated have shown long-term survival. Shanks &
Agudelo-Silva (1990) detected H. heliothidis 10 mo
after application in sandy peat in cranberry bogs
and Jansson et al. (1991) showed persistence of H.
bacteriophora (HP88 strain) in gravelly loam 253
d after application. The current study Similarly
documented the persistence of entomopathogenic
nematodes in field plots 1 yr after application,
which suggests that nematodes can successfully
overwinter in the field at the latitude of northern
New York state. Although this study offers no di-
rect evidence of nematode recycling, long-term
nematode survival may require nematode recy-
cling.
This study offers new information on the persis-
tence of heterorhabditids and steinernematids in
different soil types under field conditions. Under
laboratory conditions during a 16-wkperiod, Kung
et al. (1990) reported that persistence of S. car-
pocapsae was significantlygreater tlIan S. glaseri in
tl1e four soil types tested; clay, clay loam, sandy
loam, and sand. The same shldy also found that
steinernematid nematode survival was greatest in
sandy loam and sand compared with clay loam or
clay. The nematode isolates used in our study also
differed in their ability to persist under field con-
ditions. One year after the nematodes were ap-
plied, H. bacteriophora (Oswego) infected signifi-
cantly more G. mellonella (87.5%) than H.
bacteriophora (NC) (11.7%), Steinernema sp.
(NY008-2E) (20.8%) or S. carpocapsae (NY001)
(14.2%) across all soil types (data not shown). The
persistence of the two heterorhabditids was similar
across all soil types 6 mo after tl1enematodes were
applied. However, 17 mo after the nematodes were
applied, H. bacteriophora (Oswego) infected sig-
nificantly more G. mellonella than H. hacteriopho-
ra (NC) in all soil types. This information suggest-
ed that the commercial heterorhabditid strain, H.
bacteriophora (NC), may not have successfully
overwintered in field plots in northern New York
and may not have been suitably adapted to the
local climatic conditions (Molyneux 1985, Bedding
1990).
The persistence of the heterorhabditid strains
was greater than the steinernematid strains 6 1110
after they were applied to different soil types. This
may reflect nematode-specific search strategies
(Kaya 1990b, Kaya & Gaugler 1993) or effect of
different soil types, or both. For example, S. car-
pocapsae (NY001) infective juveniles tend to re-
main near tl1e soil surface because of their sit-and-
wait strategy (Kaya et a!. 1993) and would,
therefore, not escape the warmer and potentially
detrimental soil temperatures (Molyneux 1985,
Kung et al. 1991) associated with the upper 5 cm
of soil. The other steinernematid nematode, Stei-
nemerrw sp. (NY008-2E), vertically dispersed fur-
ther than S. carpocapsae (NYOOl)and probably re-
flects differences in the search strategy of these
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Fig. 6. Relationship between percentage of infection
of G. mcllonclla and mean soil temperatures 5 cm below
the soil surface for H. bacteriophora (Oswego) (circles)
[Y = 0.834 - 0.176(X) + 0.0878(X2); H2 = 0.870; P =
0.0022] and S. carpocapsae (NYOOl) (triangles) [Y =
0.592 - 0.146(X) + 0.0808(X2);H2= 0.847; P = 0.0036].
100 ,-----------------,
(Kaya et al. 1993). A recent laboratory study by
Barbercheck & Kaya (1991) showed that S. car-
pocapsae moved further than H. bacteriophora in
clay soil filled tubes and, therefore, contrasted with
the results of our field study.
Numerous abiotic (e.g., moisture gradients, tem-
perature gradients, pH, aeration) and biotic factors
(host population density and distribution, antago-
nist density and distribution, plant root mass) that
are not controllable under field conditions may in-
fluence the vertical movement of each nematode
in each soil type (Kaya & Gaugler 1993). This
study offers additional information on the vertical
movement of different species and strains of en-
tomopathogenic nematodes in different soil types
under field conditions. More importantly, all nem-
atodes in this study survived for at least 6 mo 5-
10 cm deep in all soil types and one strain, H.
bacteriophora (Oswego), survived at the maximum
sampling depth of 35 cm in loamy sand. The ver-
tical distribution of nematodes that we tested par-
allels the distribution of actively feeding alfalfa
snout beetle larvae (Palm 1935, Lincoln & Palm
1941). This overlap of distributions between nem-
atodes and host supports the potential use of en-
tOlllopathogenic nematodes as a control tactic
against the alfalfa snout beetle.
Nematode Persistence. The four nematodes
tested in this study, H. bacteriophora (Oswego), H.
hacteriophora (NC), Steinemerrw sp. (NY008-2E),
and S. carpocapsae (NYOOl)persisted 6 mo after
being applied to field locations containing different
soil types. In several studies the persistence of en-
tomopathogenic nematodes in turf, ranging from
""'1 mo (Jackson & Trought 1982, Forschler &
Gardner 1991) to 1 yr (Klein & Georgis 1992) has
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two steinernematid nematodes. Laboratory studies
have demonstrated differences in both the vertical
(Schroeder & Beavers 1987) and horizontal (Man-
nion & Jansson 1992) movement of various stei-
nemematid species. Also, SteinernenUl sp. (NY008-
2E) may not be able to escape detrimental soil
temperatures in some types of soil because of pore
diameter limitations. H. bacteriophora (Oswego)
and H. bacteriophora (NC) dispersed to greater
depths in all soil types because in part of their
more active host-search strategies, possibly allow-
ing these nematodes to escape the warm temper-
atures associated with the upper 10 cm of soil.
Nematode Aoetivity. Infection of a host insect
by entomopathogenic nematodes in the field de-
pends on the same factors that influence nematode
persistence; e.g., adequate moisture and tempera-
ture, absence of antagonists, favorable soil struc-
ture and texture for enhanced motility and host
finding, presence of hosts (Kaya 1990a). This study
offers some preliminary information on when suc-
cessfully overwintered heterorhabditids and stei-
nernematids first:infect trap insects in different soil
types under ReId conditions while considering
some of the factors that influenced soil tempera-
ture in our three field locations. For example, the
rate of warming of soil is determined in part by
the percentage of free water in the soil (Brady
1974), therefore silt loam would warm the slowest,
followed by sandy loam and loamy sand. Field lo-
cations also differed in the relative amount of
ground cover, silt loam and sandy loam sites con-
tained denser alfalfa foliage than the loamy sand
site. Denser foliage cover would dampen the tem-
perature fluctuations on the soil surface also con-
tributing to a slower but more consistent rate of
warming at these locations (Kaya 1990a). Steiner-
nema sp. (NYOOB-2E) infected G. mellonella in silt
and sandy loam before either S. carpocapsae
(NY001) or H. bacteriophora (Oswego), when the
corresponding soil temperature ranged between 13
and 15°C. These results suggest that Steinernenut
sp. (NY008-2E) may have a lower temperature
threshold for activity than the other nematodes
tested in this study. Both H. bacteriophora (Os-
wego) and S. carpocapsae (NY001) infected G.
mellonella in the field when soil temperatures were
>15°C.
The availability of hosts would in part determine
the reproductive success and subsequent survival
of nematodes 1 yr after being applied in the field
(Kaya 1990b, Kaya & Gaugler 1993). The silt loam
and sandy loam Held sites contained older more
well-established infestations of the alfalfa snout
beetle, a potential primary host to entomopatho-
genic nematodes. While the loamy sand site con-
tained a more recent infestation of alfalfa snout
beetle and, consequently, had more distinct alter-
nating generations of snout beetle caused by the
insects' 2-yr life cycle. In the silt loam and sandy
loam field sites, we also observed an increase in
density and diversity of associated soil insects; pri-
marily white grubs, European chafer larvae, wire-
worm, dipteran larvae, lepidopteran pupae, ants,
and various coleopteran adults (Curculionidae, Ca-
rabidae). Any or all of these soil insects could have
served as alternate hosts for e"1tomopathogenic
nematodes (Kaya 1990b).
The three nematode strains that were originally
isolated from New York soil in 1990; H. bacteri-
ophora (Oswego), S. carpocapsae (NY001), and
Steinemema sp. (NY008-2E), successfully overwin-
tered in our field plots. The nonendemic nema-
tode, H. bacteriophora (NC), may not be adapted
to the low soil temperatures typical of northern
New York (Molyneux 1984). Laboratory studies us-
ing controlled temperature environments are be-
ing conducted to better understand the minimum
and maximum temperature thresholds for nema-
tode species to infect and reproduce in hosts. The
more researchers know about the biology and ecol-
ogy of entomopathogenic nematodes, i.e., infective
juvenile size and motility, host-searching behavior,
physiological constraints of host infection, climatic
origin, the better our chances are of maximizing
the efficacy of entomopathogenic nematodes
against pest populations.
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